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would	 be	 more	 responsive	 than	 small-	rooted	 communities.	 We	 also	 tested	
(4)	whether	a	 leaf-	chewing	herbivore	and	a	phloem	feeder	were	affected	by	soil	
legacy	effects	in	a	community	framework.






fects	 carry	 over	 to	 the	 chewing	 herbivore	 Mamestra brassicae	 (Lepidoptera:	
Noctuidae)	through	induced	behavioural	changes	resulting	in	better	performance	
of	a	chewing	herbivore	on	forb-	conditioned	soils	than	on	grass-	conditioned	soils,	
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1  | INTRODUCTION
Soil	biota	critically	depend	on	plants,	because	they	provide	the	primary	
































roots	 could	 also	 affect	 the	 response	 to	 soil.	 Roots	with	 a	 larger	 size	
and	surface	area	may,	by	chance,	encounter	more	soil	organisms.	The	
size	of	a	root	system	at	any	particular	point	in	time	will	be	influenced	
by	 growth	 rate,	 since	 a	 plant	 that	 grows	 fast,	will	 accumulate	more	
biomass	 in	 a	 fixed	 time	 frame	 than	 a	 plant	 that	 grows	more	 slowly.	
Another	determinant	of	root	size	could	be	the	relative	 investment	of	
plant	 species	 in	 their	 root	biomass.	 Several	 studies	have	 shown	 that	
fast	growing,	early	successional	plant	species	typically	create	negative	
PSF	effects,	while	slow	growing,	later-	successional	plants	tend	to	leave	
a	 more	 positive	 legacy	 (Cortois,	 Schröder-	Georgi,	 Weigelt,	 van	 der	
Putten,	&	De	Deyn,	2016;	Heinze,	Bergmann,	Rillig,	&	Joshi,	2015;	Jing,	
Bezemer,	&	van	der	Putten,	2015;	Kardol,	Martijn	Bezemer,	&	van	der	
Putten,	2006).	Previous	 studies	 suggest	 that	 fast	growers	may	accu-
mulate	more	pathogens	in	their	rhizosphere	than	slow	growers	(Bever,	




related	 to	 growth	 and	defence	may	 also	play	 a	vital	 role	 in	 a	 plant’s	
response	to	soil	legacy	effects.
Most	 PSF	 studies	 focus	 on	 plant	 growth	 effects,	 but	 several	 re-






et	al.,	 2004).	 How	 different	 feeding	 guilds	 of	 above-	ground	 insect	






insects	 can	 differ	 between	 feeding	 guilds	 (Biere	 &	 Goverse,	 2016;	
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the	performance	of	different	generalists	on	a	range	of	different	com-
munities.	In	mixed	plant	communities,	PSF	effects	may	also	influence	
















sisting	of	either	 large-	or	 small-	rooted	plants	on	 the	 conditioned	 soils	







2  | MATERIALS AND METHODS
2.1 | Field soil and soil sterilization
Field	 soil	 used	 in	 this	 experiment	was	 collected	 from	 a	 restoration	
grassland	 field	 site,	 “De	 Mossel”	 (Natuurmonumenten,	 Ede,	 The	
Netherlands)	that	has	been	abandoned	from	agriculture	in	1996.	This	
site	 has	 sandy	 loam	 soils	 (83%	 sand,	 10%	 silt,	 4%	 clay,	 3%	organic	
	matter,	for	chemistry	see	Table	S1);	the	area	is	known	to	be	poor	in	
nutrients,	except	 for	phosphorus	 (a	 legacy	of	decades	of	heavy	fer-
tilization	 with	 manure).	 The	 live	 field	 soil	 originated	 from	 the	 top	
5–10	cm	of	soil.	For	sterile	soils,	the	soil	layer	of	10–30	cm	depth	was	
sterilized	by	γ-	irradiation	(Synergy	Health,	Ede,	The	Netherlands).	Soil	
was	 sieved	 to	 remove	 roots,	 stones	 and	most	 macro-	invertebrates	
(sieve	mesh	Ø1.0	cm).
2.2 | Plants
Growth	 of	 roots	 and	 shoots	 of	 24	 common	 grassland	 species	 was	







beads	 in	 a	 climate	 cabinet	 (light	 regime	 16:8,	 L:D,	 day	 temperature	
21°C,	 night	 temperature	 16°C).	 Because	 plants	 differ	 in	 their	 ger-
mination	 time,	 as	 soon	 as	 a	 species	 had	 germinated,	 the	 seedlings	
were	stored	at	4°C	under	the	same	light	regime,	until	all	species	had	
sufficiently	 germinated.	 Seeds	 were	 obtained	 from	 Cruydt-	Hoeck	
(Nijberkoop,	The	Netherlands).
2.3 | Insects
Eggs	 of	 the	 Cabbage	 moth,	 M. brassicae	 were	 provided	 by	 the	







































plants	 that	 invest	 in	quick	 root	biomass	addition	 (large-	rooted	com-
munities;	C+)	and	the	other	three	communities	contained	plants	that	

















tered	 as	 needed	 three	 times	 per	week.	On	day	41,	 the	 plants	were	























2.8.1 | Multivariate analyses of individual plant 
biomass and individual consumption
Unconstrained,	principal	component	analyses	were	performed	sepa-
rately	for	each	community	for	the	response	variables	“individual	plant	
biomass”	and	“consumed	 leaf	area	per	 individual	plant”	 in	each	pot.	
Furthermore,	 constrained,	 redundancy	 analyses	 (RDA)	 were	 per-
formed	 separately	 for	each	community	 for	 the	 same	 response	vari-
ables,	with	 root	 size	 (R+/R−)	of	 the	conditioning	 species,	 functional	
group	 (G/F)	 of	 the	 conditioning	 species	 and	 identity	 of	 the	 species	
(eight	soil	 species	per	community)	 that	conditioned	 the	soils,	as	ex-




root	and	 shoot	biomass,	 as	well	 as	 caterpillar	 consumption,	 caterpil-
lar	biomass	and	aphid	colony	size.	The	raw	data	were	z-	transformed	
(as	follows: z = (x − μ)/σ,	in	which	x	=	the	observed	value,	μ	=	the	com-










2.8.3 | Within community effects on plant and 
insect biomass
We	analysed	 (1)	 the	main	effects	and	 interaction	between	root	size	
(R+/R−)	and	functional	group	(G/F)	as	factors	as	well	as	(2)	the	effect	




root	 and	 shoot	 biomass,	 and	 square	 root-	transformed	 for	 caterpil-




2.8.4 | Growth of individual plants and leaf 
consumption of individual plants across six 
communities
The	biomasses	of	 individual	species	within	each	community	are	not	
independent	 samples	 and	 therefore	 should	 not	 be	 treated	 as	 such.	
Hence,	 the	main	 body	 of	 this	 paper	 contains	 only	 the	multivariate	
analyses	of	these	data.	However,	because	how	the	plant	species	grow	
and	 compete	 in	 different	 communities	 on	 different	 soils	 contains	
valuable	 information,	 these	 results	 are	 presented	 in	 the	 Supporting	
Information,	accompanied	by	the	respective	ANOVAs	(see	Figure	S1,	
Table	S2).
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Likewise,	 the	 data	 of	 the	 individual	 consumption	 gives	 valuable	





The	 relative	 distribution	 of	 above-	ground	 biomass	 across	 plant	
species	within	 a	 community	was	 affected	 by	 the	 soils	 the	 com-
munities	 were	 grown	 on.	 There	 was	 a	 significant	 effect	 of	 the	
identity	of	the	species	that	conditioned	the	soils	on	the	composi-
tion	of	 the	 biomass	 in	 communities	 II,	 IV	 and	VI	 (RDA:	 commu-
nity	 II:	F	=	2.1,	p	<	.001;	 IV:	F	=	1.8,	p	=	.05;	VI:	F	=	2.1,	p	=	.01,	
respectively,	 see	 Figure	1).	 In	 community	 I,	 II	 and	 V	 there	 was	
a	 significant	 effect	 of	 the	 functional	 group	 of	 the	 conditioning	
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The	 identity	of	 the	functional	group	of	 the	species	 that	condi-
tioned	the	soil	had	a	significant	effect	on	caterpillar	biomass	after	
3	weeks	 of	 feeding.	 Caterpillars	 were	 significantly	 larger	 on	 food	
plants	 grown	on	 forb-	conditioned	 soils	 than	on	 grass-	conditioned	
soils	 (F1,36	=	9.56,	p	<	.01,	 see	 Figure	3b).	Neither	 root	 size	 of	 the	






























represent	significance:	*p	<	.05;	**p < .01; 
***p	<	.001	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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No	 effects	 of	 functional	 group	 or	 root	 type	 of	 the	 conditioning	




3.3 | Within community effects on plant and 
insect biomass
Conditioning	species	identity	had	a	significant	effect	on	total	above-	




Community	 V	 had	 highest	 biomass	 on	 Taraxacum,	 Alopecurus and 
Agrostis	soils	and	lowest	biomass	on	Crepis	soils.	Similarly,	community	
VI	grew	best	on	Agrostis	soil	and	worst	on	Crepis and Festuca	soils.
The	 functional	 group	 identity	 of	 the	 conditioning	 species	 only	
affected	 total	 above-	ground	 biomass	 in	 community	 I	 (F1,35	=	13.1;	
p	<	.001).	 Communities	 grown	 on	 forb	 soils	 (Plantago,	 Taraxacum,	
Geranium,	Gnaphalium)	 on	 average	 accumulated	more	 biomass	 than	
those	 grown	 on	 grass-	conditioned	 soils	 (Alopecurus,	 Holcus,	 Briza,	
Festuca).	Root	size	of	the	conditioning	plant	species	did	not	affect	total	
above-	ground	biomass	of	any	of	the	communities.
Functional	 group	or	 identity	 of	 the	 conditioning	 species	 did	 not	
have	any	effects	on	total	root	biomass	in	any	community.	However,	in	
community	I	we	observed	a	significant	effect	of	root	size	on	the	total	




Functional	 group	 of	 conditioning	 species	 had	 an	 effect	 on	 cat-
erpillar	biomass,	but	only	 in	 those	 feeding	on	community	 I	 and	 II	 (I:	
F1,33	=	6.7,	p	=	.01;	II:	F1,22	=	12.1,	p	<	.01,	resp.	see	Figure	5).	In	both	
communities,	 the	 caterpillars	 grew	 larger	 on	 plants	 grown	 on	 soils	
	conditioned	by	forbs.
Conditioning	 led	 to	 significant	differences	 in	 the	composition	of	
bacteria	 and	 fungi.	 These	 effects	were	 significant	when	 all	 species	















that	 grew	 later	 on	 the	 conditioned	 soils.	 In	 turn,	 this	 led	 to	 altered	
performance	 in	an	associated	chewing	herbivore,	whereas	a	phloem	
feeder	was	not	 affected.	Remarkably,	while	we	 found	a	 clear	 effect	
of	functional	group	on	composition	of	soil	communities	and	on	plant	
community	performance,	 root	 size	of	 the	conditioning	plant	 species	
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in	 the	soils,	but	 that	 it	 is	very	much	dependent	on	the	composition	
of	 the	community	 that	grows	 later	on	 these	soils	whether	and	how	




played	 a	 role	 in	 the	 observed	 effects	 on	 plants	 and	 herbivores,	 in	
addition	to	the	effects	incurred	by	plant-	induced	changes	in	microbial	
communities.









to	 different	 endophyte	 communities	 in	 the	 plants	 of	 the	 feedback	
community,	which	in	turn	may	also	affect	herbivores	(Cripps,	Edwards,	
&	 McKenzie,	 2013;	 Zhang,	 Li,	 Nan,	 &	 Matthew,	 2012).	 A	 lowered	
level	of	pathogens	in	grass	soils	as	opposed	to	forb	soils	could	result	






Ao	=	Anthoxanthum odoratum,	Ap	=	Alopecurus pratensis,	Bm	=	Briza media,	Cc	=	Crepis capillaris,	Fo	=	Festuca ovina,	Gm	=	Geranium molle,	
Gs	=	Gnaphalium sylvaticum,	Hl	=	Holcus lanatus,	Ma	=	Myosotis arvensis,	Pl	=	Plantago lanceolata,	To	=	Taraxacum officinale.	Statistics	in	the	
panels	represent	main	effects	of	soil	identity	(S),	root	size	(R)	and	soil	functional	group	(FG)	derived	from	one-	way	ANOVAs.	Asterisks	represent	
significance:	*p	<	.05;	**p <	.01;	***p	<	.001	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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in	 the	 soil.	However,	 in	 this	 study,	we	 find	 that	 in	 all	 communities,	
at	 least	one	plant	 species	 in	 the	communities	 responded	differently	
to	 the	 different	 conditioned	 soils	 (see	 also	 Figure	S1),	 regardless	 of	











position	 of	 communities	 that	 were	 non-	responsive.	 This	 suggests	





F IGURE  5 Effects	of	soil	conditioning	of	species	of	grasses	and	forbs	on	Mamestra brassicae	biomass	after	24	days.	White	bars	represent	
large-	rooted	forbs,	striated	white	bars	represent	small-	rooted	forbs;	grey	bars	represent	large-	rooted	grasses,	striated	grey	bars	represent	
small-	rooted	grasses.	Error	bars	represent	SEs.	The	composition	of	each	of	the	six	communities	is	also	presented	above	each	panel.	Ac	=	Agrostis 
capillaris,	Ao	=	Anthoxanthum odoratum,	Ap	=	Alopecurus pratensis,	Bm	=	Briza media,	Cc	=	Crepis capillaris,	Fo	=	Festuca ovina,	Gm	=	Geranium 
molle,	Gs	=	Gnaphalium sylvaticum,	Hl	=	Holcus lanatus,	Ma	=	Myosotis arvensis,	Pl	=	Plantago lanceolata,	To	=	Taraxacum officinale.	Statistics	in	the	
panels	represent	main	effects	of	soil	identity	(S),	root	size	(R)	and	soil	functional	group	(FG)	derived	from	one-	way	ANOVAs.	Asterisks	represent	
significance:	*p	<	.05;	**p	<	.01;	***p	<	.001	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]



















(positive	 feedback)	 (Van	der	Putten	et	al.,	2013).	 If	 allocation	of	de-
fences	 to	 local	 attack	by	 root	pathogens	 is	 traded	off	with	defence	
against	attack	by	above-	ground	herbivores,	then	interactions	with	soil	
pathogens,	 that	 is,	 negative	 soil	 legacies,	may	 render	 above-	ground	
plant	 parts	 less	 defended	 and	 more	 prone	 to	 attack	 by	 herbivores	
(Bezemer	&	van	Dam,	2005).
Not	only	did	the	functional	group	of	 the	conditioning	plant	spe-
cies	 affect	 behavioural	 aspects	 of	 plant–herbivore	 interactions	 (as	
discussed	above)	but	we	also	 found	a	 strong	overall	 effect	of	 func-
tional	group	of	the	soil	conditioning	plant	species	on	the	performance	






be	 reflected	 in	 individual	 plant	 nutritional	 values	 and	 in	 turn	 affect	
herbivore	performance.	However,	biomass	(both	of	the	community	as	







formance	of	the	specialist	aphid	Aphis jacobaeae on Jacobaea vulgaris 
was	affected	by	the	functional	group	of	the	plant	species	that	condi-
tioned	the	soil.	Grass-	conditioning	showed	positive	effects	on	aphid	
colony	 size,	 whereas	 performance	 of	 the	 generalist	 Brachycaudus 
cardui	 was	 not	 affected	 by	 functional	 group	 (Kos	 et	al.,	 2015).	 The	
aphid	used	in	our	study	has	a	broad	host	range	of	monocots	(Dixon,	
1971).	Likely,	 the	degree	of	specialism	plays	an	 important	role	 in	an	
herbivore’s	capability	to	cope	with	variation	in	host	plant	quality	(Ali	











responses	 (Gehring	 &	 Bennett,	 2009;	 Koricheva,	 Gange,	 &	 Jones,	
2009;	Pangesti	et	al.,	2013;	Pineda	et	al.,	2010).	Therefore,	possible	
changes	 in	defence	chemistry	 in	response	to	soil	 legacy	effects	may	
affect	different	feeding	guilds	in	different	ways.	However,	to	test	this	




specific	 soil	 legacies,	 which,	 in	 the	 feedback	 phase,	 influenced	 the	
composition	of	 the	plant	 communities.	There	was	no	effect	of	 root	
size	of	 the	conditioning	plants	on	the	response	of	plants	or	 insects.	
Instead,	the	soil	effects	were	partly	explained	by	the	functional	group	
the	 plant	 species	 that	 conditioned	 the	 soil	 belonged	 to.	 Soil	 lega-
cies	also	affected	the	feeding	behaviour	of	a	chewing	herbivore.	The	
chewing	 herbivore	 performed	 significantly	 better	 on	 communities	
growing	 on	 forb-	conditioned	 soils	 than	 on	 grass-	conditioned	 soils.	
To	our	knowledge,	this	 is	the	first	time	that	this	has	been	shown	in	
a	 community	 context.	 This	 finding	 may	 have	 implications	 in	 natu-
ral	 communities	and	 it	may	explain	why	 insects	are	often	 found	on	






better	 understanding	 of	 processes	 (such	 as	 defence	 chemistry	 and	





























Data	 available	 from	 the	 Dryad	 Digital	 Repository:	 https://doi.
org/10.5061/dryad.39f10	 (Heinen,	 van	 der	 Sluijs,	 Biere,	 Harvey,	 &	
Martijn	Bezemer,	2017).
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